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The Muon Accelerator Program (MAP) requires a concept specification for each of the accelerator systems.
This document provides much of the information for the concept specification for the accelerators that bring the
beam from a total energy of 63 GeV to the maximum energy that will fit on the Fermilab site. Justifications and
supporting references are included, providing more detail than will appear in the concept specification itself.

TABLE I. Interface parameters, performance requirements, and pa-
rameter constraints. Emittance growth can be defined as eitherΔ�∕�,
where � is the RMS emittance, or the maximum value of |ΔJ |∕J
at J = 9�∕2, where J is the action (� is the average of J over the
distribution).

Input total energy (GeV) 63 750 1500
Output total energy (GeV) 750 1500
Maximum circumference (km) 15
Normalized transverse emittance (�m) 25
Normalized longitudinal emittance (mm) 70
Muons per sign 2 × 1012

Repetition rate (Hz) 15 12 6
Minimum average acceleration rate (MeV/m) 3.5 —
Maximum transverse emittance growth (%) 6 3 3
Maximum longitudinal emittance growth (%) 6 3 3
Minimum amplitude transmitted (�) 4.5

TABLE II. Loss when truncating a Gaussian distribution in six-
dimensional phase space on an ellipsoid at a given multiple of the
RMS size.

Truncation � 3.0 3.5 4.0 4.5
Loss (%) 17 5.7 1.4 0.25

Table I specifies the requirements on the acceleration sys-
tems. The input and output energies are based on the machine
energies defined in [1], as are the charge, emittances, and rep-
etition rate. The maximum energy will be determined by the
maximum machine circumference that will fit on the Fermilab
site; I examined a site map and estimated this to be 15 km,
though it may be possible to make it slightly larger. The de-
cay allowance (or equivalently the average acceleration rate) is
not specified for that final stage, but decays will be taken into
account when choosing that maximum energy. The average
acceleration rate for the earlier stages is based on a transmis-
sion of 69% from 0.4 to 1500 GeV kinetic energy proposed
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TABLE III. Acceleration stages. Magnet fields increase approxi-
mately in proportion to beam momentum in a synchrotron. A hybrid
synchrotron approximates this using interleaved fixed field magnets
and bipolar ramped magnets.

Input total energy (GeV) 63 ≈375 750 1500
Output total energy (GeV) ≈375 750 1500 ≈3000
Type Synchrotron Hybrid

Synchrotron
Hybrid

Synchrotron
Hybrid

Synchrotron

in [2]. These values are chosen consistently with [3]. Lon-
gitudinal emittance growth is based on the energy acceptance
of the collider ring [4] in relation to the RMS energy spread
and bunch length for a 70 mm longitudinal emittance, assum-
ing we want to keep 3�, and approximately distributing the
allowed growth through the acceleration chain. I assume the
same relative emittance growth is allowed transversely. The
minimum amplitude transmitted is based on the assumption
that a six-dimensional distribution in phase space is truncated
on an ellipsoid at some multiple n of the RMS size in each
direction (the same multiple in each direction). The fractional
loss from that truncation for a Gaussian disstribution would be

(

1 + n2

2
+ n4

8

)

e−n
2∕2.

The losses for some values of n are tabulated in Table II.
n = 4 would keep losses well enough below losses from de-
cays, but would leave little overhead for other effects, such as
non-Gaussian distribution tails, nonlinearities, unexpected lat-
tice errors, etc. I have therefore chosen n = 4.5 to give a bit of
extra overhead. If it is easier to create overhead in either the
longitudinal or transverse direction, it may be more attracative
to have different relative truncation amplitudes in the trans-
verse and longitudinal planes.
Table III lists the proposed accelerator types to be used to

accelerate above 63 GeV. Machine choices are based on the
discussion in [5]. FFAGs do not appear to be cost-effective
due to the large longitudinal emittance. Hybrid synchrotrons
are attractive over all energy ranges, but it is not clear if field
strength and quality can be achieved for the short pulse times
required in the low energy stages. For the lowest energy stage,
a dogbone recirculating linear accelerator is a possible alterna-
tive, but the ability to share a tunnel and magnet costs appear
to favor the synchrotron option. Note the resemblance of the
first two stages to [6].
The lattices will maintain a constant time of flight and tune

through the acceleration process. The acceleration rate will be
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TABLE IV. Magnet parameters.

Maximum fixed dipole field (T) 10
Maximum ramped dipole field (T) 1.5
Maximum ramped quadrupole field at beam (T) 0.7
Maximum ramped sextupole field at beam (T) 0.5
Maximum kicker field (T) 0.2
Maximum septum field (T) 1.0
Inter-magnet spacing (m) 0.5

constant. Sextupoles will be included to correct chromaticity
while canceling their lowest-order resonant driving terms. The
energy breakpoint between the first two stages will be chosen
to give the first two stages the same circumference. The high-
est possible RF frequency, up to 1300 MHz, will be used due
to cost-effectiveness.

Magnet parameters are listed in Table IV. The maximum
dipole field is the same that is assumed for the collider ring
design [4], and is consistent with recent results for Nb3Sn
dipoles [7]. The maximum ramped fields are what can be ob-
tained for a dipole with a 3% silicon steel pole [8]. Higher
fields could be obtained with grain-oriented steel or vanadium
permendur. The former could have issues with field quality
due to the pinning of field lines, and cannot be simulated with
existing codes [9]. The latter would likely present a radiation
hazard due to its significant cobalt content. A grain-oriented
steel magnet has been built and tested, and reached 1.8 T
with a 1.4 kHz sinusoidal oscaillation [10]; we therefore be-
lieve that the pulsing rates required are achievable. Maximum
quadrupole fields are estimated using Fig. 13 of [11], assum-
ing a maximum field on the pole of 1.5 T (as for our dipole), a
field quality of 0.1%, and the beam occupying 70% of the mag-
net aperture. The corresponding maximum sextupole field is
chosen by assuming the same pole tip field (1.0 T) and frac-
tion of the magnet aperture as the quadrupole. I do not expect
to interleave fixed-field quadrupoles or sextupoles because the
quadrupoles and sextupoles are expected to occupy a small
fraction of the circumference, and the inter-magnet spacing
required would likely negate the advantage of increasing the

average quadrupole gradient. Drift space between magnets is
a working estimate [12].
Fields for injection and extraction magnets are specified pri-

marily for the purpose of allocating sufficient space for those
systems. A septum field is particularly difficult to choose,
but [13] describes a built design that has a high field with low
stray fields, and I base my choice on that design. For kickers,
Nakamura [14, 15] describes designs that achieve fields as high
as 0.3 T with rise times more rapid than we need. I’ve chosen
0.2 T to keep within the region where these designs have fields
that are linear in current an in recognition that these fields are
beyond what is conventionally used.
RF cavity parameters are given in Table V. 650MHz values

are based on the SPL design [16]. The input power is based on
values already obtained at 704 MHz [16]. 1300 MHz values
are based on values achieved for ILC cavities [17]. Cells per
cavity at 325 MHz is based on the LEP2 cavities [18].

TABLE V. RF cavity parameters.

Frequency (MHz) 325 650 975 1300
Gradient (MV/m) 20 25 30 35
Maximum energy gain per cell (MeV) 9.22 5.77 4.61 4.04
Maximum cells per cavity 4 5 7 9
Additional length at each end (cells) 1.5
Maximum input power per cavity (MW) 1.2

R&D improvements could result in more cost-effective ac-
celeration. The ability to use higher-field fixed or ramped
magnets would reduce circumferences and improve efficiency.
Studies of fast ramp times in thin iron laminates could open
up the possibility of using hybrid designs at lower energies
and help us understand field and power loss limitations. A
good shielding solution could allow the use of vanadium per-
mendur. Improvements in modeling code could enable the use
of grain-oriented steel. A cooling solution resulting in lower
longitudinal emittance would reduce costs and could allow the
use of more efficient FFAG designs at lower energies. A larger
decay allowance would result in more efficient use of RF and
longer pulse times for ramped magnets. Finally, it may be
worthwhile to re-consider if RF frequencies above 1300 MHz
could be more cost-effective.
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